Introduction
Secreted proteins generally contain a leader-or export sequence which directs their synthesis to the endoplasmic reticulum (ER). Typically, they are co-translationally inserted into the ER lumen by virtue of a signal sequence (1, 2) , and are then transported towards the Golgi (3). In addition, secreted proteins lacking a classical signal sequence can be released in rare cases from mammalian cells, independent of an intact Golgi apparatus.
Fibroblast growth factor (FGF) 1 and 2 (4), interleukin (IL) 1b (5) the human immunodeficiency virus-1 (HIV-1) transactivating protein TAT (6) and the Herpes virus structural protein VP22 (7) are examples of such proteins. IL-1b, FGF-1 and FGF-2 are secreted by a vesicular non-classical mechanism involving secretory lysosomes, and can be involved in the inflammatory response of hematopoietic cells (8) . HIV-1 TAT and Rev, however, seem to be transported directly across the plasma membrane. The arginine and lysine-rich domains of HIV TAT and Rev, flock house virus capsid protein and the DNA binding segments of leucine zipper proteins, such as c-Fos and c-Jun as well as the yeast transcription factor GCN4 can interact with cellular membranes and translocate in a temperature independent but saturable process (9).
Many of the proteins that are exported by non-classical mechanisms can also be imported into cells, often by unconventional means, i.e., independent of endocytic uptake. HIV-1 TAT and VP22 are efficiently imported at 4° C in a process which has been termed protein transduction (10) . The amino acid sequence requirements for transduction -the so called protein transduction domain (PTD) -have been identified for HIV1 TAT, Herpes simplex virus (HSV)-1 VP22 and the Drosophila antennapedia DNA-binding homeodomain (AntpHD). Proteins capable of transduction often contain regions that are rich in lysine and arginine residues which may assist association with negatively charged heparan sulfates or with phospholipids of the plasma membrane. Some of the identified PTD's have been genetically transferred to acceptor proteins and the resulting fusion proteins were, under certain conditions, able to spread across cell borders and into various tissues of living mice (11) , demonstrating an interesting therapeutic potential of PTD's. In the case of the AntpHD, a rather hydrophobic region of amino acids 41-58 in the third helix has been associated with the ability of the protein to cross membranes (12) . This sequence is somewhat homologous to amino acids 160-167 of the Adenovirus type 2 (Ad2) capsid protein penton base (Pb), and it has been reported that exogenously added recombinant Pb is able to enter naïve cells (13) .
Here, we tested if the native Ad2 capsid protein Pb is able to spread from a producing cell to neighboring cells. Ad2 belongs to the species C Ads and infects airway epithelial cells (14) . A prominent component of the viral capsid is Pb, located at the icosahedral verteces as a homo-pentamer (15) . Each pentamer anchors one copy of a trimeric fiber protein and this requires an interesting symmetry mismatch which has not yet been solved at atomic resolution. Fiber-Pb hetero-oligomers are formed in the cytosol during the synthesis of structural proteins, approximately 20 h p.i. and are then inserted into the nascent virion (for reviews, see 16, 17) . Upon cell disruption, the large majority of virions are released.
Extracellular particles bind via the globular fold of the C-terminal fiber head domain to the amino-terminal D1 domain of the Ad2 and Ad5 receptor, the Coxsackie B virus Adenovirus receptor (CAR, reviewed by 18). CAR is localized at tight junctions and the basolateral surface of polarized epithelial cells (19) . It engages in homophilic contacts that are also reveal an additional property of Pb, namely the promotion of its own export and also the export of fibers complexed to Pb. We have termed this process 'protein abduction' and suggest that it may promote viral spread in the infected tissue.
Results

Transiently transfected Pb is found on neighboring cells
To study the subcellular distribution of Pb we transiently transfected human lung carcinoma A549 cells with a eukaryotic Pb expression construct (SK5.5) using Lipofectamin. To our surprise, we found significant amounts of Pb on neighboring nontransfected cells as visualized by the polyclonal rabbit anti-Pb antibody R2 (pAb R2) 25 h post transfection (p.t.) (Fig. 1, a, a' ). Pb was distributed in a radial gradient emanating from the cell expressing the plasmid. To test whether this phenomenon was dependent on the transfection method, cells were transfected using the CaPO 4 precipitation method or microinjected into the nucleus. Both procedures yielded the same result, albeit with a somewhat delayed phenotype in the case of CaPO 4 , and clearest spreading results around 60 h p.t. (Fig. 1, b , b', and not shown). No gross changes of morphology were detected in Pb-expressing cells as suggested by differential interference contrast (DIC) microscopy ( Fig. 1, a, b ).
Cell to cell spreading of Pb occurs during adenoviral infection
To test whether the observed cell to cell spreading of Pb also occurred during Ad2 infection, A549 cells were infected with wt Ad2 at a low multiplicity of infection (MOI) and analyzed by indirect immunofluorescence using the Pb-specific R2 antibody. Consistent with a normal progression of Ad2 infections in these cells, Pb was found mainly in the nucleus at 15 and 20 h post infection (p.i.) ( Fig. 2A, a-b') . At 25 h p.i., however, a significant fraction of the Pb signal was visible outside of the infected cells (c'), similar to cells transfected with the Pb plasmid DNA shown in Fig. 1 . A similar staining pattern of Pb in the infected and the surrounding cells was detected with the monoclonal Pb-specific antibody pAb 591 (Fig. 2D) . We then extended the analysis to different cell types showing that cell to cell spreading of Pb also occurred in human epidermoid carcinoma KB cells and HeLa cells at similar time points p.i. (Fig. 2B) . When analyzing various Ad2 mutants (dl762, dl712, ts1) that all carry intact Pb genes, we observed that trafficking of the Pb protein was never affected (Fig. 2C) . dl712 is an Ad2/Ad5 hybrid virus with a deletion of the E3 Ad death protein (ADP, 25, 26) and the dl762 mutant has a deletion in the E3 14.7 K protein (27). Likewise, Ad2 ts1 bearing a point mutation in the L3/p23 protease gene which renders the protein incapable of packaging into newly synthesized virions at the restrictive temperature (28) clearly showed cell to cell spreading of its Pb protein. These observations confirm the above finding that the expression of Pb first leads to Pb accumulation in the cytoplasm and the nucleus and then also on the surrounding cells, independent of the presence of other viral proteins.
A major fraction of intact Pb is exported
We next tested if Pb was present in the extracellular medium. A549 cells were infected with Ad2 in protein-free medium and the supernatants were collected at different times up to 32 h p.i.. The medium was cleared by low speed centrifugation, acid precipitated and analyzed by Western blotting using the anti-Pb antibody R2 and an anti-interleukin (IL)-6 antibody (Fig. 3A) . Pb was absent in all the supernatants comprising 10 5 cell equivalents each, but it was readily recovered from the infected cells. The pro-inflammatory cytokine IL-6 was recovered in the supernatants of both infected and noninfected cells, indicating that the cells were secretion competent. This supported the notion that IL-6 is released from cells upon stress induction, including viral insults (29) (30) (31) . We attempted to recover Pb from the growth medium supplemented with BSA, but failed to collect Pb by immunoprecipitations and Western blotting from 10 5 cell equivalents (Fig. 3B) . Pb was, however, recovered from the medium at 42 h p.i. when cell lysis had occurred (not shown).
On Western blots, our detection limit was 0.1 µg of Pb and we immunoprecipitated about 1 µg of Pb from 10 5 cells extracted with freon at 70 h p.i. (32) . Considering that each cell produces 10 4 virions (33), more than 99% of the cell-associated Pb must have been free, i.e., not assembled in particles. This suggests that less than 10% of the cell-associated Pb could have been released into the medium. We next tested if extracellular Pb was binding to noninfected cells using the immunofluorescence assay described in Figures 1 and 2 .
A549 cells were incubated with Ad2 in the cold (moi 10), and infected by warming in DMEM-containing BSA for 41 h. The medium was collected, centrifuged at 108'000 x g for 1 h to pellet virus particles, and the supernatant was added to noninfected A549 cells for 6 h at 37°C. Pb immunoreactivity of fixed specimens was detected around the periphery of all the cells on the coverslip, but cells incubated with medium from noninfected cells were negative for Pb immunoreactivity, except for mitotic cells with nonspecific stainings of the secondary antibodies (Fig. 3C, panels d-i) . The Pb staining of infected medium on interphase cells was indistinguishable from the Pb staining detected in radial gradients around infected cells (see Figures 1 and 2 ). It is of note that this Pb staining was mainly peripheral (see also Fig. 7 ). In contrast, Pb of purified Ad2 particles was present in both the cytoplasm and around the nucleus at 6 h p.i., indicative of viral entry and Pb delivery to the cytosol (Fig. 3C , panels a-c).
We also tested if Pb was passed through the filters of a TransWell (Becton Dickinson, Switzerland). A 95% confluent monolayer of A549 cells grown on membrane filters with pore sizes of 1 and 3 µm, respectively, was infected with Ad2 at moi 100 for 2 h, washed and the filters placed on noninfected acceptor cells on glass coverslips for up to 44 h p.i.. At later time points, Pb spreads more randomly to noninfected cells and is also found in the extracellular medium.
To quantify the amounts of Pb protein exported from an infected cell to the neighboring cells prior to viral release, Ad2-infected cells were fixed 30 h p.i. and immunostained for Pb using pAb R2. The signal intensities were quantified both inside and outside of the infected cell. Figure 4 A shows an example of this analysis including the areas defined for quantification. Our measurements showed that 46.6% (n=18, Stdev = 13.7%) of the Pb signal was located outside of the infected cell. To determine if Pb was intact or fragmented, A549 cells were transfected with the Pb expressing plasmid DNA (SK5.5).
The cell monolayers were lysed at various time points p.t. and the lysates analyzed for Pb by SDS-PAGE (Fig. 4B, a) and Western blotting (b) using the pAb R2. No degradation products were detected in this experiment, demonstrating that the exported R2 epitopes of Pb were largely intact. We concluded that less than 10% of Pb produced at 31 h p.i. is present in the medium but more than 40% of the cell associated PB is picked up by the neighboring cells.
Pb leaves intact cells by a Golgi-independent mechanism
To gain insight into the mechanism of Pb export from the producing cell we first tested whether Pb-expressing cells were generally more permeable due to a lysogenic effects of viral proteins. To assess cell integrity, we used Trypan Blue which readily diffuses into the nucleus of permeabilized cells. (26), but we observed cell to cell spreading of Pb as early as 25 h p.i.. To test whether Pb export required a functional Golgi apparatus, the Golgi apparatus was disrupted by Brefeldin A (BFA), which inhibits the GDP-GTP exchange factor of the ADP-ribosylation factor (ARF) 1 in Golgi membranes (35) . This causes an inhibition of classical export (36) .
A549 cells were transiently transfected with Pb plasmid DNA or infected with wt Ad2 for 18 h. At this time point, Pb was detected in the transfected or infected cells but not in neighboring cells (Fig. 5C, a' , c'). The structure of the Golgi apparatus was clearly visible as indicated by indirect immunofluorescence using an antibody against galactosyltransferase (Gal-T) (Fig. 5C , a'', c''). BFA was added to parallel samples and Pb export monitored 12 h later. As depicted in Fig. 5C (panels b'' and d'') the Golgi apparatus of BFA-treated cells disappeared and a diffuse background staining of Gal-T remained.
Nevertheless, Pb protein was exported after transfection (b') and also after infection (d').
These findings are consistent with the lack of an obvious export sequence in Pb.
Noteably, the pattern of Pb staining in the cells surrounding the transfected or infected cell was indifferent from the addition of BFA. This suggests that disruption of membrane traffic has apparently no effect on the location of Pb in the recipient cells. We also observed that cell to cell spreading of Pb was not affected by performing the transfection and spreading at 20° C (not shown), i.e., at conditions which block the export of newly synthesized secretory proteins in the Golgi apparatus (37). Our results therefore strongly suggest that Pb export does not require a functional secretory pathway and occurs by a non-classical mechanism.
Pb expressing cells mediate Ad2 fiber export
Next we examined whether other adenoviral proteins were also exported during infection.
As summarized in Fig. 6A , we found that the Ad2 fiber protein but not the hexon protein was released from infected A549 cells. Spreading of fiber from cell to cell was also observed in HeLa and KB cells, but only in infected cells never in transfected cells expressing fiber protein alone, as shown in Fig. 6B (a, a' ). Since fiber is known to assemble with coexpressed Pb both in infected and transfected cells (38, 39) and fiber is associated with Pb in the intact viral particle (40) (Fig. 7, a, green) and also fiber (Fig. 7, b, red) , excluding the nucleus. In contrast, the surrounding cells had a granulated peripheral pattern of both Pb and fiber and this pattern mostly colocalized, as indicated by the yellow color in the merged images (Fig. 7, c) . Scanning across the entire z-dimension further indicated that most of the Pb and fiber proteins were in the periphery of the acceptor cells but never in the nucleus (Fig. 7, d ). Together, these results establish that Pb alone or together with fiber exits the cell where it was synthesized and attaches to the surface of neighboring cells in a radial concentration gradient. It does not seem to cross the membranes of the recipient cells.
Discussion
Our particles from neutralizing host antibodies. A Pb-fiber complex might, for example, be particularly helpful to decoy circulating antibodies. In any case, it is not known, how robust the putative carrier function of Pb is, and it seems that recombinant gold-tagged Pb is not able to break out of endosomes (13) . Given that a biological role of any known PTD is so far missing, this suggests that the identification of the Pb PTD will not only broaden the versatility of Pb-mediated abduction but also shed more light on the mechanism of tight junction disruption in viral infections.
Methods
Cells and drugs
HeLa Brefeldin A (Fluka, Switzerland) was used at 2.5 mg/ml and added to cells at 18 h p.i..
Viruses
Wt Ad2 was isolated from KB cells as described (32, 55) , ts1-Ad2 (a temperature sensitive virus lacking the p23 protease, 56) was produced as described (57) and Ad5-eGFP (with deleted E1A and E1B regions and inserted eGFP controlled by the major cytomegalovirus (CMV) promotor) was a gift from H. Büeler (University of Zürich). Ad2 dl712 bearing a deletion in the E3 ADP gene and Ad2 dl762 with a deletion in the E3 14.7 K protein were obtained from W. Wold (26).
Antibodies
The mouse monoclonal antibody M73 against E1A proteins was received from E. Harlow (58) and the rabbit sera anti-Pb (R2), anti-hexon (R70), anti-fiber (R72) and anti-fiber plus Pb (R73) were gifts from M. Horwitz (59) . The mouse monoclonal antibody 6A4 against fiber was obtained from J. Chrobockek (60), the rabbit anti-Pb antibody 591 was from P.
Boulanger (39) and the mouse anti-Gal-T antibody was from E. Berger (University of Zürich, 61). The rat anti-IL-6 antibody was purchased from Pharmingen (Becton Dickinson, Switzerland) and used at 1 µg/ml. Goat anti-mouse and goat anti-rabbit antibodies were conjugated to fluorescein-isothiocyanate or TexasRed (Sigma, Switzerland).
Plasmids, transfections and infections
The Pb expression plasmid SK5.5 (CMV-T7) was constructed by cutting pGMAd2PbFL571
with Bgl2 and ligating the insert into the BamH1 sites of pSCT2+ (54) . The fiber expression plasmid SK6.10 (CMV-T7) was constructed by cutting pBKIIKS-Ad2 with Kpn1
followed by ligation of the insert into pSCT2+. Genomic sequences of Ad2 Pb and fiber were kindly supplied by Dr. P. Boulanger (Lyon, France). To assess Pb spreading, cells were grown to 80-95% confluency, Ad2 (1.5¥10 6 PFU/ml) bound in the cold for 90 min in RPMI-0.2% BSA medium and internalized at 37° C in a CO 2 incubator as described (62) .
Under these conditions about 3 % of the input virus bound to cells (53) . Cells were further incubated in growth medium containing FBS and analyzed as described. For transfections plasmids, Lipofectamin‰ (5 ml / mg DNA, GibcoBRL, Life Technologies) and DMEM were incubated for 20 min at RT and than added to 90-95% confluent cells. After 3 h the cells were washed and growth medium was added. For CaPO 4 precipitation 1.5 mg DNA (for 5 cover slips) were diluted in 42 ml sterile H 2 O, vortexed after addition of 5 ml 2.5 M CaCl 2 , supplied with 50 ml Hepes-buffered saline and vortexed again. After incubation for 20 min at room temperature, 20 ml of DNA suspension were added to each coverslip, incubated for 24 h and supplied with fresh growth medium.
Immunofluorescence and microscopy
Transfected or infected cells were fixed with 3% PFA in PBS, permeabilized with 0.5% Hamamatsu Photonics, Germany) as described (62) . CLSM images were acquired as described (24, 54, 55) using a pinhole setting corresponding to an optical thickness of approximately 0.5 µm.
Quantification of Pb release
Images were recorded with an electronically controlled inverted fluorescence microscope 
